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1. INTRODUCTION AND BACKGROUND 

Post-irradiation examination (PIE) and elevated-temperature safety testing are being performed on 
tristructural-isotropic (TRISO) coated-particle fuel compacts from the Advanced Gas Reactor (AGR) Fuel 
Development and Qualification Program’s second irradiation experiment (AGR-2). Previous reports 
provide background information on (1) the fuel fabrication (Barnes and Marshall 2009; Hunn, 
Montgomery, and Pappano 2010a; Hunn, Montgomery, and Pappano 2010b), (2) the as-fabricated fuel 
properties (Hunn 2010; Hunn, Savage, and Silva 2010), (3) the irradiation experiment (Collin 2014), and 
(4) the comprehensive PIE plan (Demkowicz 2013). 

Fifteen isothermal safety tests have been completed in the Oak Ridge National Laboratory (ORNL) Core 
Conduction Cooldown Test Facility (CCCTF) on US AGR-2 compacts, where the TRISO particle kernels 
were either made of uranium dioxide (UO2) or made up of a mixture of uranium carbide and uranium 
oxide (UCO). In the UCO kernel design, uranium carbide is included to limit carbon monoxide (CO) 
production by gettering oxygen liberated from the UO2 during fission. Table 1-1 lists the calculated 
average burnup in percent fissions per initial metal atom (FIMA), the fast neutron fluence (neutron 
energies > 0.18 MeV), and the average compact temperatures during irradiation. Results of these tests are 
available in the summary reports listed in the table. 

Table 1-1. US AGR-2 compacts subjected to isothermal safety testing 

AGR-2 
Compacta 

Kernel 
type 

Safety test 
temperature 

Burnupb 
(FIMA) 

Fast fluenceb 
(E>0.18 MeV) 

Irradiation temperaturec 
Safety test 

summary reportd 
TAVA TAmin TAmax 

3-3-2 UO2 1,600°C 10.54% 3.53×1025 n/m2 1,062°C 999°C 1,105°C Hunn et al. 2015a 

3-4-1 UO2 1,700°C 10.62% 3.47×1025 n/m2 1,013°C 901°C 1,085°C Hunn et al. 2018a 

3-4-2 UO2 1,600°C 10.69% 3.50×1025 n/m2 1,013°C 904°C 1,085°C Hunn et al. 2015a 

3-1-1 UO2 1,500°C 10.60% 3.41×1025 n/m2 1,011°C 900°C 1,083°C d 

2-1-2 UCO 1800°C 12.62% 3.25×1025 n/m2 1,219°C 1,055°C 1,324°C Hunn et al. 2019a 

2-2-2 UCO 1,600°C 12.55% 3.39×1025 n/m2 1,287°C 1,189°C 1,354°C Hunn et al. 2016 

2-3-1 UCO 1,600°C 12.63% 3.42×1025 n/m2 1,296°C 1,195°C 1,360°C Hunn et al. 2017 

2-3-2 UCO 1,800°C 12.68% 3.46×1025 n/m2 1,296°C 1,199°C 1,360°C Hunn et al. 2018a 

5-2-1 UCO 1,600°C 12.28% 3.38×1025 n/m2 1,141°C 1,032°C 1,209°C d 

5-2-2 UCO 1,600°C 12.34% 3.39×1025 n/m2 1,141°C 1,037°C 1,210°C Hunn et al. 2016 

5-4-1 UCO 1,800°C 12.05% 3.12×1025 n/m2 1,071°C 923°C 1,168°C Hunn et al. 2016 

6-2-1 UCO 1,800°C 10.16% 2.60×1025 n/m2 1,129°C 1,044°C 1,183°C d 

6-2-2 UCO 1,600°C 10.19% 2.61×1025 n/m2 1,129°C 1,047°C 1,183°C d 

6-4-2 UCO 1,600°C 9.26% 2.21×1025 n/m2 1,018°C 894°C 1,106°C Hunn et al. 2017 

6-4-3 UCO 1,800°C 7.26% 1.94×1025 n/m2 987°C 868°C 1,080°C Hunn et al. 2019b 
a The X-Y-Z compact numbering convention denotes the compact’s location in the irradiation test train: capsule-level-stack. 
b Burnup (Sterbentz 2014, Table 6) and fast fluence (Sterbentz 2014, Table 12) are based on physics calculations. 
c Time-average, volume-average (TAVA) temperature, time-average minimum (TAmin) temperature, and time-average maximum (TAmax) 
temperature are based on thermal calculations (Hawkes 2014, Table 3). 
d Summary reports for these compacts will be issued in fiscal year 2020. 
 

Compacts with UCO kernels were heated for 300 h at maximum temperatures of either 1,600°C or 
1,800°C. A safety test temperature of 1,600°C was chosen because it is the maximum temperature 
expected during a depressurization conduction-cooldown event in a typical high-temperature gas-cooled 
reactor. The higher test temperature of 1,800°C was used to explore the safety margin and provide 
additional data on mechanisms for particle coating failure, fission product and actinide diffusion, and 
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other fission product and actinide interactions with the TRISO coatings. No UCO-TRISO particles 
exhibited elevated release from coating failure at 1,600°C, while UCO-compacts safety tested at 1,800°C 
exhibited cesium release from 0–2 particles with degraded silicon carbide (SiC) layers. 

Compacts with UO2 kernels were also safety tested for 300 h at 1,600°C, and these compacts exhibited 
significantly higher failure fractions compared with the UCO fuel because of CO corrosion (Hunn et al. 
2018b). Compacts with UO2 kernels were not tested at 1,800°C because fission product release at this 
temperature was expected to exceed CCCTF operational limits. One UO2 compact margin test was 
conducted at 1,700°C but had to be terminated after 162 h at 1,700°C because the radiological dose rate 
from fission product release was approaching operational limits. One UO2 compact was tested at 1,500°C, 
and this lower temperature reduced the CO corrosion rate such that cesium release fractions were similar 
to the UCO compacts tested at 1,800°C. 

Reported herein are the initial results obtained from a transient temperature safety test performed on the 
three AGR-2 UCO compacts listed in Table 1-2. The compacts were heated simultaneously in the CCCTF 
in flowing helium to a peak temperature of 1,695°C using the transient temperature profile discussed in 
Section 2. During the test, the activity from 85Kr was monitored on the liquid-nitrogen-cooled sweep gas 
traps to determine whether any particles experienced failure of the gas retention performance of the 
TRISO coating. In addition, 134Cs and 137Cs, which can diffuse through an intact, gas-tight pyrocarbon 
layer, were collected on water-cooled deposition cups to determine whether any particles experienced 
significant degradation or failure of the SiC layer’s ability to retain fission products. 

Table 1-2. Irradiation conditions for US AGR-2 compacts subjected to transient temperature safety testing 

AGR-2 
Compacta 

Kernel 
type 

Fabrication 
identificationb 

Burnupc 
(FIMA) 

Fast fluencec 
(E>0.18 MeV) 

Irradiation temperatured 

TAVA TAmin TAmax 

5-1-1 UCO LEU09-OP2-Z141 12.80% 3.41×1025 n/m2 1,108°C 956°C 1,202°C 

5-1-2 UCO LEU09-OP2-Z154 12.88% 3.42×1025 n/m2 1,109°C 962°C 1,203°C 

5-3-1 UCO LEU09-OP2-Z132 12.03% 3.28×1025 n/m2 1,126°C 1,016°C 1,197°C 
a The X-Y-Z compact numbering convention denotes the compact’s location in the irradiation test train: capsule-level-stack. 
b Physical properties data for individual compacts are available and referenced by fabrication identification number (Hunn, Montgomery, and 
Pappano 2010a, 60–69). 
c Burnup (Sterbentz 2014, Table 6) and fast fluence (Sterbentz 2014, Table 12) are based on physics calculations. 
d TAVA temperature, TAmin temperature, and TAmax temperature are based on thermal calculations (Hawkes 2014, Table 3). 
 

The transient temperature profile used for the safety testing of AGR-2 Compacts 5-1-1, 5-1-2, and 5-3-1 
was essentially the same as a transient temperature profile used to safety test an irradiated UO2 fuel 
pebble from the Arbeitsgemeinschaft Versuchsreaktor (AVR) in the Federal Republic of Germany 
(Schenk, Pitzer, and Knauf 1993). The safety test temperature profile for Pebble AVR-91/31 was based 
on the shape of a calculated temperature profile for a depressurized core-conduction cooldown event that 
was modified to raise the peak temperature from the 1,600°C design basis to 1,695°C. Three AGR-1 UCO 
fuel compacts were previously safety tested at Idaho National Laboratory (INL) using this temperature 
profile (Stempien et al. 2016). As summarized in the 2016 paper by Stempien et al., the transient 
temperature safety test of AVR-91/31 resulted in a significantly higher fraction of TRISO failure 
compared with 1,700°C isothermal tests of similar irradiated German fuel pebbles. This generated 
questions regarding whether fuel failure fractions determined using isothermal safety testing underpredict 
the fuel failure under more relevant transient temperature conditions. Based on AGR safety test 
observations to date (Demkowicz et al. 2015, Hunn et al. 2018b), it is more likely that the isothermal 
safety testing overpredicts fuel failure during a depressurization event because compacts are held longer 
at the peak temperature and chemical reactions are driving the observed fuel failure. The primary 
motivation for the two AGR program transient tests were to help address this uncertainty. 
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2. SAFETY TESTING METHOD 

The transient temperature safety test of AGR-2 Compacts 5-1-1, 5-1-2, and 5-3-1 used the same 
equipment and followed the same general safety testing method developed for AGR-1 safety testing in the 
CCCTF furnace (Baldwin et al. 2012), which was also used throughout the isothermal testing of AGR-2 
compacts (Morris et al. 2014, Hunn et al. 2018b). To accommodate simultaneous testing of three 
compacts, a new holder was designed. Figure 2-1 shows the original one-compact holder and the new 
three-compact holder. Compared with the original one-compact holder, the three-compact holder uses 
three of the same screw-in lids to retain the compacts, has the same overall height, and the same 
dimensions for the thermocouple well. The only substantive change was enlarging the top section to 
accommodate three compacts. 

 

  

Figure 2-1. CCCTF graphite holders: (a) one-compact holder, 
(b) three-compact holder with dimensions, and (c) three-compact holder. 

The control setpoints and planned temperature profile for the transient temperature safety test of AGR-2 
Compacts 5-1-1, 5-1-2, and 5-3-1 are shown in Table 2-1 and Figure 2-2, respectively. The initial 22-h 
hold at 300°C was to drive off any retained moisture; the AGR-1 and AGR-2 isothermal safety tests 
included a hold at 400°C for the same purpose. The 72-h hold at 857°C was designed to mimic normal 
reactor operation. For AGR-1 and AGR-2 isothermal safety tests, this “operation temperature” hold was 
at a higher temperature of 1,250°C. These two temperatures differ because the 857°C hold was based on a 
pebble-bed reactor design with UO2 fuel, while the 1,250°C hold was based on a prismatic-block reactor 
design with UCO fuel. As previously mentioned, the transient temperature portion of the test profile that 
began at 857°C and peaked at 1,695°C was designed to mimic the slow heat-up and cooldown that would 
occur in a helium-cooled graphite reactor if the helium cooling circuit failed, with the caveat that the peak 
temperature of 1,695°C was intentionally elevated about 100°C above the expected peak temperature 
during a depressurized core-conduction cooldown event. 

Compact 

Lid 

T/C 
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Table 2-1. Temperature setpoints used for safety testing of Compacts 5-1-1, 5-1-2, and 5-3-1 

Ramp time Start temperature End temperature Hold time 

0.5 h 30°Ca 300°C 22 h 

1.5 h 300°C 857°C 70 h 

3.7 h 857°C 1300°C 0.1 h 

6.6 h 1,300°C 1585°C 0.1 h 

7.4 h 1,585°C 1670°C 0.1 h 

11.9 h 1,670°C 1695°C 0.1 h 

11.9 h 1,695°C 1680°C 0.1 h 

157.9 h 1,680°C 1342°C 0.1 h 

99.9 h 1,342°C 1200°C 0.1 h 

2 h 1,200°C 30°Ca 10 h 
a Run will start and end at ambient temperature. 

 
Figure 2-2. Transient temperature profile used for safety testing of Compacts 5-1-1, 5-1-2, and 5-3-1. 
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3. SAFETY TEST RESULTS 

Figure 3-1 shows the estimated time-dependent fractional release of 85Kr, 110mAg, 134Cs, and 137Cs from 
Compacts 5-1-1, 5-1-2, and 5-3-1 during the transient temperature safety test. There were two deviations 
from the planned transient temperature test profile shown in Figure 2-2. The first deviation was near the 
beginning of the test. A small water leak was noted at the end of the 22-h hold at 300°C. The test was 
halted, and the furnace was returned to room temperature. The deposition cup was removed, and the fuel 
was returned to the shielded transfer cask to allow entry into the CCCTF modular hot cell and repair of 
the leaking coupling. After about 72 h, the test was resumed from the starting point. The second deviation 
was at the end of the test. During the exchange of the eighth cup after reaching peak temperature, with the 
furnace at ~1,400°C, a bracket securing the cold finger failed and the next cup could not be inserted. 
Therefore, the furnace was reprogrammed for a controlled ramp-down to room temperature at the 
600°C/h rate specified for the end of the test. After consultation with the ORNL and INL technical leads, 
it was decided that the primary objective of the safety test to monitor for particle failure during a 
temperature transient peaking near 1,700°C was complete and that the test should be ended. 

  
Figure 3-1. Fractional release during the transient temperature safety test 

(1E-4 is equivalent to the inventory in one particle). 

The deposition cups and the removable tantalum components (the can that lines the CCCTF furnace and 
the gas inlet line) were gamma counted to obtain preliminary data on the fission product release from the 
compacts during the safety test. Average efficiencies for collection of silver and cesium on the deposition 
cups (Table 3-1) were estimated from the ratio of the cumulative activity on all the cups vs. the total 
activity measured on all the cups and the tantalum components. The fractional release values for silver 
and cesium plotted in Figure 3-1 are the decay-corrected activities on each cup divided by the collection 
efficiency and divided by the calculated inventory in the three compacts one day after the end of the 
irradiation (Sterbentz 2014). The fractional release values for 85Kr come from a similar calculation 
applied to the cumulative activity in the liquid nitrogen-cooled traps in line with the sweep gas exhaust. 
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Table 3-1. Activities and average collection efficiencies for silver and cesium 

Isotope 
Cumulative decay-corrected activitya 

Collection efficiency 
Cups Can Line 

110mAg 317 µCi 4.88 µCi 0 µCi 0.985 
134Cs 10.2 µCi 3.86 µCi 0.496 µCi 0.701 
137Cs 11.1 µCi 3.13 µCi 0.397 µCi 0.758 
a Activity from preliminary gamma scans adjusted for decay to one day after end of irradiation (October 17, 2013). 
 

Although some fission products may be retained in the graphite holder (Figure 2-1), retention of silver 
and cesium should be very low because these elements diffuse quickly through graphite above 1,400°C. 
Therefore, the average collection efficiencies in Table 3-1 should be reasonable estimates of the actual 
collection efficiency on each cup. Europium release is not included in Figure 3-1 because the dominant 
fraction of what came out of the compact was probably retained in the graphite holder. There were traces 
of 154Eu activity accumulated on the cups (0.104 µCi) and tantalum components (0.179 µCi). In total, this 
corresponded to <5E-6 of the compact inventory. It is likely that additional europium released during this 
test was sequestered in the graphite holder based on common observation of high retention of europium in 
the graphite holder at the end of CCCTF safety testing (Hunn et al. 2016). Collection efficiencies and 
fractional release values will be refined by post-safety-test analyses of the deposition cups, tantalum 
components, and graphite holder. These analyses will include leaching of the cups and tantalum 
components and burn-leaching of the graphite holder to reduce measurement uncertainty and allow for 
targeted analysis of 90Sr (via beta spectroscopy) and stable isotopes (via mass spectroscopy). 

3.1 SILVER RELEASE DURING SAFETY TESTING 

There was no measurable 110mAg detected on the first five deposition cups from the transient temperature 
safety test of Compacts 5-1-1, 5-1-2, and 5-3-1. These cups were resident in the CCCTF furnace during 
the holds at 300°C and 857°C, with Cup 5 being removed at 895°C after the furnace had started ramping 
up after the 857°C hold. No measurable 110mAg release should be expected below 895°C because it is 
below the melting point of silver (962°C) and the vapor pressure is negligible at ≤0.1 Pa (Schadel and 
Birchenall 1950). For the AGR-1 and AGR-2 isothermal safety tests in the CCCTF, the first cup was 
removed near the end of the 12-h hold at 1,250°C (Morris et al. 2014). At this temperature, the vapor 
pressure of silver is ~50 Pa, which is sufficient to support transport of silver to the deposition cup. 

Figure 3-1 shows that most of the silver that was released during the transient temperature safety test of 
Compacts 5-1-1, 5-1-2, and 5-3-1 was detected on Cup 6, which was removed at 1,584°C after a 
residence period of 10.0 h. Cup 7 was removed at 1,684°C after a residence period of 13.7 h; however, 
even with the higher temperature and longer residence time, the 110mAg activity on Cup 7 was only 3.4% 
of the activity on Cup 6. This rapid release of silver during the ramp-up from 895°C to 1,684°C is 
consistent with results from isothermal safety testing of AGR compacts, where most of the silver that was 
released during irradiation and sequestered in the compact matrix and/or outer pyrolytic carbon (OPyC) 
coating layer was released as compacts were heated to safety test temperatures of 1,600°C or higher 
(Morris et al. 2014). 

Figure 3-2 shows the average rate for 110mAg collection during each cup residence period. After the initial 
collection of most of the silver sequestered in the compact matrix and/or OPyC on Cup 6, the rate 
dropped precipitously. There was a small increase in the release rate on the last two cups before the safety 
test was terminated. Cup 14 was in the furnace between 1,506°C and 1,459°C. Cup 15 was in the furnace 
between 1,458°C and 1,406°C. Indications of diffusive release of 110mAg through intact SiC have been 
seen at 1,800°C but not at 1,600°C (Morris et al. 2014). There have also been observations that diffusive 
release of 110mAg is higher between 1,075°C and 1,375°C than at 1,600°C (Hunn et al. 2015b). It could be 
that the slight increase observed on the last two cups was related to this lower temperature release. 



 

7 

 
Figure 3-2. Rate of 110mAg release during safety test of Compacts 5-1-1, 5-1-2, and 5-3-1. 

3.2 KRYPTON AND CESIUM RELEASE DURING SAFETY TESTING 

The cumulative fractional release of 85Kr from Compacts 5-1-1, 5-1-2, and 5-3-1 at the end of the 
transient temperature safety test was 1.58E-6. This corresponds to only 1.5% of one particle equivalent, 
so it most likely did not come from a particle with failed TRISO, which would result in the release of a 
significantly higher fraction of a particle’s 85Kr inventory. It is not unusual for some 85Kr to be released 
during safety testing in the absence of particle failure. None of the six AGR-2 compacts safety tested at 
1,600°C exhibited TRISO or SiC failure, and three out the six had measurable amounts of 85Kr detected in 
the sweep gas (Table 3-2). Compact 6-4-3, the one 1800°C safety test with no failed SiC particles, also 
exhibited measurable 85Kr release during safety testing. Krypton release not associated with particle 
failure might come from uranium contamination outside the SiC in as-fabricated compacts, which was 
present in the AGR-2 UCO compacts with an average compact fraction of 3.94E-6 (Hunn, Savage, and 
Silva 2010). 

Table 3-2. Minor release of 85Kr and 134Cs from AGR-2 UCO compacts with no failed particles 

AGR-2 Compact Irradiation temperature 
TAVA 

Safety test 
temperature 

85Kr 134Cs 

2-2-2 1,287°C 1,600°C 5.4E-6 (0.017) 2.5E-7 (0.0008) 

2-3-1 1,296°C 1,600°C <7E-7 (<0.002) 3.96E-6 (0.013) 

5-2-1 1,141°C 1,600°C 7.51E-6 (0.024) 4.20E-6 (0.013) 

5-2-2 1,141°C 1,600°C <7E-7 (<0.002) 5.91E-6 (0.019) 

6-2-2 1,129°C 1,600°C 4.58E-6 (0.015) 7.67E-6 (0.024) 

6-4-2 1,018°C 1,600°C <9E-7 (<0.003) 6.20E-5 (0.20)a 

6-4-3 987°C 1,800°C 5.03E-6 (0.016) 1.97E-5 (0.063)a 

5-1-1, 5-1-2, 5-3-1 1,108–1126°C up to 1,695°C 1.58E-6 (0.015) ~9.2E-6 (~0.09) 

Note: Values are reported as compact inventory fraction and particle inventory fraction (in parentheses). 
a Most of the cesium release from Compact 6-4-2 and about half of the cesium release from Compact 6-4-3 was from cross 
contamination from previous safety tests of compacts with UO2 fuel that had high cesium release (Hunn et al. 2019a). 
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The cumulative fractional release of 134Cs from Compacts 5-1-1, 5-1-2, and 5-3-1 at the end of the 
transient temperature safety test was ~9.3E-6. This is a little higher than the 134Cs release during 1,600°C 
safety testing of Compacts 5-2-1, 5-2-2, and 6-2-2, which ranged from 4.2E-6 to 7.7E-6 (Table 3-2), but 
is nevertheless low enough to attribute to sources not related to cesium release through failed SiC. These 
sources could include (1) contamination picked up in the hot cell during handling of the graphite holder, 
(2) contamination on internal CCCTF components from previous tests, and (3) low levels of cesium 
sequestered in the compact matrix and/or OPyC at the end of irradiation. Compacts 2-2-2 and 2-3-1 are 
not included in this comparison because the relatively lower 134Cs release during safety testing could be 
related to their higher irradiation temperature resulting in less cesium sequestered in the matrix and/or 
OPyC at the end of the irradiation. Compact 6-4-2 is not included in this comparison because the 
measured 134Cs release was dominated by release of contamination in the CCCTF from the previous 
1,700°C safety test of AGR-2 UO2 Compact 3-4-1, which resulted in very high cesium release. This 
determination of cross contamination was made based on the fact that the 134Cs/137Cs ratio on the cups 
from the Compact 6-4-2 safety test clearly matched the expected ratio for Compact 3-4-1 rather than 
Compact 6-4-2 (Hunn et al. 2019a, p. 8). The cumulative 134Cs release from Compacts 5-1-1, 5-1-2, and 
5-3-1 during the transient temperature safety test was similar to the estimated actual 134Cs release from 
Compact 6-4-3 during safety testing at 1,800°C, which was about half of the value reported for 
Compact 6-4-3 in Table 3-2. The other half of what was measured on the Compact 6-4-3 safety test 
deposition cups appeared to be from release of contamination in the CCCTF from previous AGR-2 UO2 
compact safety tests, based on the observed 134Cs/137Cs ratio on individual cups (Hunn et al. 2019a, p. 8). 

The time dependence of the cesium release supports a conclusion that it more likely came from the 
compact matrix and/or OPyC than from a particle with failed SiC. Figure 3-3 shows the average rate that 
134Cs and 137Cs were collected during each cup residence period. There was a small increase in the cesium 
release rate during the ramp-up to 857°C (Cup 3), followed by a decrease in release rate during the 857°C 
hold. There was a larger increase in the cesium release rate during the ramp-up from 857°C to 1,684°C 
(Cup 6 and Cup 7), but the average cesium release rate measured on Cup 8 was only one-third the rate 
measured on Cup 7. Cup 8 was in the furnace for the 10-h period when the compacts went through the 
peak of the transient temperature profile—from 1,684°C up to 1,695°C and down to 1,689°C. If the rate 
increase observed on Cup 6 and Cup 7 were from cesium diffusing through degraded SiC, the release rate 
should have continued to increase as the temperature was raised above 1,684°C, given that the cumulative 
release before Cup 8 was only about 7% of one particle equivalent. 

 
Figure 3-3. Rate of cesium release during the safety test of Compacts 5-1-1, 5-1-2, and 5-3-1. 
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Destructive examination after safety testing may not provide additional data to support or contradict the 
conclusion that no particles had failed SiC. If all of the observed cesium collected in the CCCTF during 
the transient temperature safety test came from a single failed particle, it would equate to about 9–10% of 
the particle’s cesium inventory. A particle with 9–10% cesium loss would most likely not be identified 
with the Irradiated Microsphere Gamma Analyzer because it would likely have a 137Cs activity within the 
bounds of the distribution of measured activity in the other particles, which ranged from 85–125% for 
recently analyzed Compact 5-2-1. Compact deconsolidation and leach-burn-leach analysis (DLBL) could 
possibly confirm the absence of any particles with failed SiC by showing negligible exposed uranium, if 
no particles are damaged during the DLBL process. However, out of the seven AGR-2 compacts without 
apparent SiC failures after isothermal safety testing (Table 3-2), particle damage during DLBL occurred 
in three. Therefore, it is likely that the DLBL of Compacts 5-1-1, 5-1-2, and 5-3-1 would be compromised 
by particle damage and that the results would be inconclusive with regard to the possible presence of one 
failed particle. 



 

10 

4. CONCLUSIONS 

AGR-2 UCO Compacts 5-1-1, 5-1-2, and 5-3-1 were simultaneously subjected to a transient temperature 
safety test with a peak temperature of 1,695°C. The cumulative release of 85Kr was equivalent to 1.5% of 
the average 85Kr inventory in one particle, which indicates that there were no exposed kernels in any of 
the three compacts, either from as-fabricated defects in the TRISO coating or from failure of the TRISO 
integrity as a result of the safety testing. The cumulative releases of 134Cs and 137Cs were less than 10% of 
one particle equivalent. This is slightly higher than what has been observed for 1,600°C isothermal safety 
tests on single AGR-2 compacts. However, it is significantly lower than what has been observed to be 
released when single particles exhibited SiC failure during 1,600°C safety testing of three AGR-1 
compacts, where 134Cs release ranged from 49–89% (Hunn et al. 2014). The low cumulative cesium 
release and the drop off of the cesium release rate before reaching the maximum test temperature supports 
a conclusion that there was no SiC failure during the transient temperature safety testing of 
Compacts 5-1-1, 5-1-2, and 5-3-1. 

The time-dependent release of cesium during the transient temperature safety testing of AGR-2 UCO 
Compacts 5-1-1, 5-1-2, and 5-3-1 was qualitatively similar to that observed during the transient 
temperature safety testing of AGR-1 UCO Compacts 1-4-2, 1-1-3, and 1-1-1 (Stempien et al. 2018). In 
both tests, a minor fraction of the total cesium release was detected on the first cup after the ramp-up to 
857°C with little cesium released over the remainder of the 857°C. In both tests, the cesium release rate 
increased most dramatically during the ramp-up from 857°C, but the rate peaked in both tests before 
reaching the 1,695°C maximum test temperature. This suggests that the cesium sequestered in the matrix 
and/or OPyC of the compacts was depleted before reaching 1,695°C in both tests. The fractional release 
of cesium in the transient temperature safety testing of AGR-1 UCO Compacts 1-4-2, 1-1-3, and 1-1-1 
was 4.8E-7, which is significantly less than the ~9.2E-6 compact fraction released from the AGR–2 
compacts. This difference is likely related to the fact that the average as-fabricated uranium 
contamination fraction outside of intact SiC in the AGR-1 Variant 3 compacts used for the AGR-1 
transient test was 1.62E-7 (Hunn et al. 2006), compared with 3.94E-6 for the AGR-2 UCO compacts. 

The combined results of transient temperature safety testing of three AGR-1 UCO compacts and three 
AGR-2 UCO compacts show that transient temperature safety testing did not result in significantly 
different fission product retention compared with isothermal testing in a similar temperature range. There 
were no indications of the higher TRISO failure rates like those observed in the transient temperature test 
of German UO2 pebble AVR-91/31 as reported in Schenk, Pitzer, and Knauf (1993). 
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